Beams made with a variety of high performance concretes, and with embedded electrodes to measure resistivity, were produced in a full scale plant. The beams were exposed on the West-coast of Norway so that one electrode pair was in a part of the beam always submerged in sea-water, one pair in the tidal zone and one pair always above the sea-water.
INTRODUCTION
The Norwegian Public Roads Administration (NPRA), as the owner of several hundred large concrete bridges in harsh marine environment, initiated a large research project focusing on deterioration and durability of reinforced concrete, "Development of chloride resistant concretes", in 1993. The project, still running today, involved extensive laboratory investigations in addition to field exposure of various types of reinforced concrete elements made from 31 different concrete types. Phase I (started in 1993) of the project involved 17 different concretes, whereas Phase II (started in 1997) involved another 14 different concretes. More information on the project and some chloride ingress results can be found in [1, 2, 3] .
In Phase II monitoring of some corrosion parameters were initiated in 1999. This involved automatic measurements of the electrical resistance (converted to resistivity by calculation) of 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada concrete and the rate of oxygen reduction (cathodic effectiveness) for the various concrete types.
As stated in Part I, our interest in concrete resistivity is at least two-fold. For this project emphasis has been put on resistivity as a corrosion parameter and how it is influenced by concrete composition (concrete quality) and variation over time and different exposure conditions. This paper reports some results from the monitoring of the electrical resistivity of concrete over a period of eight years.
EXPERIMENTAL

Concrete types and elements
The concretes in Phase II were designed to represent both past, present and future concretes used in Norwegian coastal bridges. Note that all concretes were full scale mixed at a concrete factory and cast under realistic conditions to represent "real-crete" and not "labcrete". Also note that the experimental setup does not involve a systematic variation of parameters, but is more based on producing workable concretes expected to achieve good durability properties by means of different binder compositions.
The concrete qualities span from a pure OPC concrete with w/c-ratio 0.56 to an OPC concrete with 9% silica fume and a w/b-ratio of 0.32. There are six concretes with various three-powder mixes (OPC/PFA/CSF; OPC/BFS/CSF). Table 1 shows the mix proportions of all 14 concretes without additives. All concretes were mixed using the same plastizers, superplastizers and air-entraining additives in varying amounts in order to produce concretes with good workability.
For each concrete type, three different types of reinforced elements were made: 3m long beams, 15 x 30 cm in cross-section; 1m high pillars, 30 x 30 cm in cross-section; and 1.5 x 0.75 m big slabs, 20 cm thick. The beams, which are the subject of this paper, have been exposed in the tidal zone in the western part of Norway since 1998. Six beams were made of each concrete type: two beams were exposed un-cracked, cover depth 25mm; two were cracked in the middle section and exposed to sea water with the cracks left open (tensioned by bending), cover depth 25mm; and two un-cracked beams with cover depth 60mm. One beam of each type was produced with cast-in electrodes, i.e. three beams of each concrete type have cast-in electrodes. The electrodes are simply reinforcement steel bars 40cm long with diameter 12mm. The placement of both beams, and electrodes in the beams, is such that the three electrodes in each beam are situated in a) purely atmospheric; b) tidal; and c) purely submerged conditions, respectively. Figure 1 shows the details of beams and electrodes.
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Measurements
The electrical resistance was measured between the electrode at each of the three positions (a-c) and the main reinforcement in two different ways:
− Continuously, with an automatic monitoring system with data logging capabilities. − Manually, with a hand-held device from time to time over the exposure period. The data logging equipment has capacity to continuously monitor all three beams (i.e. nine resistances) of one concrete type at the same time. This means that over the same period of time only one concrete type is monitored, i.e. a direct comparison between different concrete types over the same period of time is not possible. However, with this setup we get a lot of good data for the chosen concrete to evaluate different exposure conditions (position) and the influence of cover depth. To measure all concretes almost at the same time, one has to switch from one concrete to the other consecutively. This has to be done by physically un-plugging and re-plugging the measurement cable from the DSUBs that connects the nine electrodes in each concrete type (one DSUB for each concrete type). This has been done several times in different seasons with different temperatures to get comparable data from all concrete types. The monitoring system is measuring the resistance at 100Hz ("ResMes" device from Protector AS in Norway), and the logging interval can be adjusted to any given interval down to one measurement every second ("Camur" data logger from Protector AS). Normally the logging interval is one measurement every hour. Data is downloaded to a desktop computer in the office using a modem and lately via Internet. The manual measurements were done at 1000 Hz with a hand-held LCR-meter (potential square pulse), type Escort ELC-131D. This has been done occasionally to control the measurements made by the monitoring system. As concluded in Part I, there is practically no difference between measurements taken at 100Hz and 1000Hz in relatively wet concrete. To verify this, a systematic comparison between the "ResMes" device and the hand-held device, which has the ability to measure at both 120Hz and 1000Hz was carried out.
In addition to the resistance measurements, air, sea-water and concrete temperatures at positions a) -c) (at 25mm depth) were automatically monitored (thermocouple type T) along with the tidal variation (high precision water-pressure sensor).
2.3
Converting from resistance to resistivity To convert from resistance, the measured value, which depends on the electrode configuration, to resistivity, which is a material parameter (dependant of moisture content and temperature, among other factors), one can use two parallel electrodes in a homogenous media as a model:
where The electrode configuration implies that there are two equal concrete resistances in parallel, which leads to a total resistance, R tot , which is the actual measured resistance in this investigation:
The concrete resistivity is therefore:
In other words, all reported concrete resistivities in this paper are the measured resistances multiplied with 0.93m.
It must be emphasized that eq. (3) is most likely not correct in the sense that the conductive path (the current distribution) does not exactly follow the length of the shortest electrode (one of the three electrodes in pos. a)-c)). The main reinforcement is much longer than the three 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada electrodes and acts as the "counter electrode". Thus, the effective L in (1) is probably longer leading to a bigger conversion factor than 0.93m. It is also possible that the increase in L depends on the resistivity of the concrete. A higher resistivity will most likely tend to narrow the current distribution, i.e. the higher the resistivity the lower conversion factor. In the extreme, with a current distribution at an angle of 45°, the conversion factor will be doubled. Nevertheless, for any given concrete this conversion factor is assumed to be constant, thereby justifying a comparison over time and between exposure conditions. A detailed comparison between the various concrete types will, however, be affected by this uncertainty.
RESULTS AND DISCUSSION
3.1
Comparison of measurements at 100Hz, 120Hz and 1000Hz Water level and concrete temperature not measured 100Hz: "ResMes"@ 100Hz; 120Hz: "Escort"@ 120Hz; 1000Hz: "Escort"@ 1000Hz
As can be seen from Table 2 , measurements at 1000Hz ("Escort") yield a somewhat lower concrete resistivity compared to measurements at 100Hz ("ResMes"), as verified by the laboratory findings in Part I. The resistivity was on average 4% lower at 1000Hz compared to 100Hz, nearly the same as found in Part I for wet concrete (se Table 2 in Part I). Thus, measurements from the monitoring system and the hand-held device are comparable. Furthermore, there is no reason to question the measurements done with the "ResMes" device at 100Hz as measurements done with the hand-held device were in good agreement with EIS (Electrochemical Impedance Spectroscopy) as indicated in Part I, as long as the concrete is relatively wet (as the field concrete is) and the temperature is not too low (as it seldom is along the West-coast of Norway and never in the submerged condition!).
3.2
Tidal effects on resistivity measurements In order to investigate the effect of the tidal variation the data logger was periodically programmed to make frequent measurements during a few days. Typically, measurements of resistivity, temperature and water-level were taken every five minutes. The following results were taken in March 2006 on concrete no. 1 (the one with highest w/c-ratio and no pozzolanic materials). Figure 2 shows the temperature variation for the three electrode positions a)-c), together with the air-and sea-water temperatures. The corresponding resistivities ("as-measured" without any compensation except the transition from resistance to resistivity, according to (1)) 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada are given in Figure 3 and 4 for beam 1 (cover depth 25mm) and beam 5 (cover depth 60mm), respectively. It is clear from Fig. 2 that the sea-water strongly influences the concrete temperature in position b), i.e. the electrode position within the tidal variation. The concrete temperature in pos. b) drops markedly when the sea-water drops below the measuring point at pos. b) (exactly at height 1.50m, see Fig. 3 ), then gradually decreases in this case towards the airtemperature (or the concrete temperature at pos. a), whichever is the "nearest") until the seawater again reaches the measuring point with an instant rise in concrete temperature as a result. The concrete temperature in the submerged part (pos. c)) is stable at a temperature about 1°C lower in this case than the sea-water temperature. The concrete temperature in pos. a) (atmospheric) follows more or less exactly the time variation of the air-temperature. However, there is a time-lag of between about 30 and about 90 minutes before the concrete temperature responds to a change in the air-temperature. This is of course attributed to the much higher heat-capacity of concrete compared to air.
Keep in mind, when evaluating the temperature variation in Fig. 2 that the absolute accuracy of the temperature measurements (thermocouple type T) is about ± 0.5°C, thus the 1°C difference between pos. c) and sea-water is probably not real.
2nd It is quite obvious from Figs. 3 and 4 that the "as-measured" resistivities are influenced by changing exposure conditions, i.e. temperature, position, and tidal variation (water level). The first thing needed to be done with the "as-measured" resistivities is of course a temperature compensation, as the temperature varies relatively much during the 24h period, as seen from Fig. 2 . In order to compare the various resistivities, as functions of concrete composition, time and exposure condition (which influences the degree of saturation of concrete (DS) and the 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada chloride content), the "as-measured" values have been adjusted from the original temperature (the concrete temperature at the corresponding position at the time of measurement) to a value that represents 10°C using the Arhenius equation with an activation energy constant of 3500K (corresponding to an activation energy of 28.5 kJ/mole). This value will be discussed later. Figures 5 and 6 show the temperature compensated resistivities @10°C for beam 1 and 5, respectively. Looking at Figs. 5 and 6 reveals at least three important observations: 1) the level of the measured resistivities for beam 1 is reasonable and within the expected range compared to similar concrete in Part II, and manual measurements (see later); 2) the resistivities in beam 5 is about twice as high as the resistivities in beam 1; and 3) most of the "tidal influence" in Figs. 3 and 4 was apparently due to temperature effects as the temperature compensated resistivities became more stable with time. The first observation justifies the use of Eq. (3) to calculate resistivity from resistance, i.e. the uncertainty connected to the value of the conversion factor is small, and will not be further discussed in this paper. The second observation must be real as the three electrodes in each beam verify each other. The reason why beam 5 yields twice the resistivity of beam 1 is difficult to explain. The obvious explanation is perhaps connected to electrode depth, as the cover in beams 1 and 5 are 25mm and 60mm, respectively. Concrete 1 is the only concrete made purely of OPC. McCarter et.al [4] found large variation in the conductivity with depth within the cover zone (5-50mm) for a concrete made of purely OPC. The conductivity at the outer part was about 2.5 times higher than the inner part. In terms of resistivity, this means that the inner part of that OPC concrete had about 2.5 time's higher resistivity than the outer part, i.e. in good agreement with the second observation stated above. The third observation, however, has two major implications: I) the temperature compensation is basically successful; and II) there are obviously some effects left to explain as the curves are not horizontal nor perfectly smooth, as one should expect if no other effect than temperature is dominant over the 24h period. Possible explanations and their implications will be discussed in the following:
One explanation might be that the chosen activation constant is not correct or that the activation energy changes with changing exposure condition, as found in [5] and as stated in Part II. Looking at Fig. 5 , pos. a) at about noon the 2 nd March there is a sudden and rather big increase in resistivity over a period of about three hours. In that period, the concrete temperature in pos. a) increases rapidly from about -3°C up to about +3°C. It might be possible that the activation energy changes as a result of the rapid change in temperature and the fact that the change takes place around the freezing point of water. To compensate for this, the activation constant has to be gradually changed from 3500K up to about 5000K and then down to 3500K again. It is hard to believe that this is the case, but it must be admitted that the variation in activation constant from 3500K to 5000K is not unreasonable, and within the range as found in [5] .
This sensitivity to the activation constant may have significant influence on the usefulness of resistivity measurements to estimate changes in moisture content and ionic strength in the pore solution. The reason for this is simple: using an activation constant of about 5000K on the whole 24h period will lead to practically overlapping curves for positions a), b), and c) at 10°C, i.e. there are no other effects than temperature. However, a lower activation constant, e.g. 3000K (or even lower) will lead to a higher resistivity at 10°C in pos. a) than in pos. c), which we then could interpret as lower moisture content in pos. a). The point is: without knowing the correct activation constant when compensating for temperature, erroneous conclusions can be drawn.
Assuming that the correct activation constant has been used, one could explain the resulting variation as changes in DS or even changes of the ionic strength of the concrete pore solution. However, bearing in mind that the moisture state in concrete changes very slowly [6, 7] and that the ionic strength, especially the OH -concentration, is so high that any change 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada due to the moderate change in temperature in this case [8] , will likely not significantly influence the resistivity (or more precisely, the conductivity of the pore solution). A different explanation for the variation in the temperature compensated resistivities might be that the electrode configuration involves geometrical effects as the water-level changes and thereby affects the conductive path. Keep in mind that the distance between the electrodes is 90mm, whereas the distance from the electrodes to the surface (and thereby to the sea-water) is only 50mm (two times 25mm) for beam 1 (and 120mm (2*60mm) for beam 5). The point is not followed up further in this paper.
Finally, a possible explanation could be that the measured temperature (it was measured in one point at the middle of the electrode length) and the concrete temperature along the electrode are not equal, i.e. the observed anomalies may be attributed to temperature gradients in the system.
To summarize: even though there are a few uncertainties connected to the resistivity monitoring results, and a full interpretation of any deviation from the expected smooth behavior of the temperature compensated resistivities is not given, it is concluded that the monitoring system provides us with resistivity levels. These levels are accurate enough to be used to evaluate this important durability parameter as a function of concrete composition and exposure condition over time in field concrete. Tables 3 and 4 give the field resistivities for the various concretes and electrode position for all beams initially and after about eight years of exposure, respectively. Table 3 Initial concrete resistivities @10°C, unit Ωm. Measurements on exposed elements taken June 1998 at 1000Hz (hand-held device). Concrete age: about 8 months. 64  63  65  61  64  60  58  62  59  2  150  140  137  145  120  130  127  138  135  3  216  203  190  226  174  196  201  202  194  4  392  354  321  401  256  336  396  422  393  5  227  214  184  221  145  178  203  196  199  6  335  288  265  326  229  260  294  321  279  7  215  184  180  208  149  175  179  170  180  8  299  286  241  308  238  245  285  271  252  9  882  867  716  840  485  721  836  881  875  10  744  763  509  739  505  551  738  764  684  11  401  438  342  421  352  354  422  438  406  12  373  381  286  345  289  276  308  308  284  13  338  365  319  354  311  322  283  322  330  14  353  305  321  391  248  349  259  271  289  Water Looking at Tables 3 and 4 reveals interesting data on the magnitude of concrete resistivity over time. To sort out significant effects, average values for position, concrete quality (binder composition) and time were calculated. Average values are given in Tables 5 and 6 . Note that the given averages, for clarity, only include resistivities from the nine concretes that have complete data sets (concretes 2, 3, 4, 6, 9, 10, 12, 13, 14). Table 5 Average concrete resistivities @10°C as function of time and position, Ωm. Measurements on exposed elements at 1000Hz (hand-held device).
Variation of resistivities over time
Beam 1 Beam 3 Beam 5 Concrete
a) b) c) a) b) c) a) b) c) 1
All beams All positions Exposure time
Pos. a) Pos. b) Pos. c) Beam 1 Beam 3 Beam 5  Initially  407  367  358  389  353  390  8 years  1111  924  641  888  955  832   Table 6 Average concrete resistivities @10°C as function of binder composition, Ωm. Measurements on exposed elements at 1000Hz (hand-held device).
All beams initially
All beams after 8 years Binder comp.
Pos. a) Pos. b) Pos. c) Pos. a) Pos. b) Pos. c) PFA blended  216  201  173  2447  1955  1193  CSF blended  323  288  295  729  630  483 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada Table 5 reveals that the concrete resistivity generally increases over time, and that the increase is influenced by exposure condition. For the atmospherically exposed concrete (pos. a)) the resistivity after 8 years exposure is 2.8 times higher, whereas for the submerged concrete (pos. c)) the factor is only 1.8. The aging effect is more pronounced for the atmospherically exposed concrete. The aging effect is most likely a combined effect of changes in DS, pore water composition, and refinement of the pore structure. A similar aging effect was also found by McCarter et.al [4] . Another important observation from Tab. 5 is the overall averages for the various beams. Both initially and after 8 years of exposure, there is no significant difference in resistivity measured in beam 1 compared to beam 5. This might contradict the differences found for concrete 1 as seen in Figs. 5 and 6. However, concrete 1 is the only pure OPC concrete investigated (and also the one with highest w/c-ratio). The findings of McCarter et.al [4] for field exposed concrete support this in that they found that their OPC concrete was significantly more influenced by cover depth than their GGBS and PFA blended concretes.
One of the most significant finding, and at least the most interesting with respect to durability and service life, is clearly shown in Table 6 . Initially, the PFA-blended concretes have relatively low resistivity compared to the CSF-blended concretes. However, after 8 years the picture is totally different. The resistivity of the PFA-blended concretes has increased with a factor of more than one order of magnitude (11.3) for position a), whereas the corresponding factor for the CSF-blended concretes is 2.3. For position c) the factors are 6.9 and 1.6, respectively. These results are expected when considering that CSF is practically fully reacted after a few months of hardening [9] , while PFA reacts much slower. However, the magnitude of the difference between CFS and PFA concretes is greater than expected.
The increase in resistivity over time for the PFA-blended concretes is attributed to the slow pozzolanic reaction of PFA, producing refinement of the pore structure and possibly also changes in the pore solution chemistry. Both the significant increase over time and the magnitude of the resistivity values, strongly indicate that the long-term durability properties related to reinforcement corrosion are significantly better for PFA-blended concretes. With resistivity values above 1000Ωm the corrosion rate is supposed to be insignificant [10] , i.e. it is likely, in the event of reinforcement corrosion initiation, that the corrosion rate in PFAblended concretes is negligible. This is of course of great importance for any owner of concrete structures in marine environments.
CONCLUSIONS
The electrical resistivity of field exposed concrete elements has been measured over a period of eight years. Measurements were made at 100Hz with an automatic monitoring system, and at 1000Hz with a hand-held LCR-meter. For field measured resistivities it is important to compensate for temperature in order to evaluate effects of time and of exposure condition.
Temperature compensation using the Arhenius equation with an activation constant of 3500K gave reasonable values. However, the value of the activation constant has a significant influence when attempting to evaluate effects other than temperature (e.g. moisture content, ionic concentration, and aging).
The concrete resistivity increases significantly over time due to various aging effects. The increase is influenced by exposure condition and concrete composition. For atmospherically 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada exposed concrete the aging effect is more pronounced than for concrete in submerged conditions. For PFA-blended concretes the increase in resistivity is more than one order of magnitude after eight years exposure in the atmospherically exposed concrete. The corresponding increase for CFS-blended concretes is a bit more than a factor two. Using resistivity as a durability parameter related to corrosion rate puts PFA-blended concretes in a very beneficial light. Any corrosion being initiated in the PFA-blended concretes is supposed to be insignificant due to the very high resistivities over time.
